Abstract Background: The modified Lapidus procedure is widely used to correct hallux valgus but has been reported with high nonunion rates. In this study, we retrospectively reviewed the nonunion rate of the modified Lapidus procedure performed with rigid cross screw fixation, meticulous joint preparation, and shear-strain-relieved calcaneal bone graft. Questions/Purposes: Does the performance of the Lapidus procedure with rigid cross screw fixation, complete joint preparation, and shear-strain-relieved calcaneal bone graft achieve higher union rates than currently reported? If nonunion does occur, what is the clinical course? Methods: We reviewed both radiographic and clinical results of the modified Lapidus procedure with the above technique in 171 patients (182 feet). Evaluation included age, gender, tobacco use, diabetic status, and radiographic analysis at least 3 months postoperatively. Results: The modified Lapidus procedure described above resulted in a union rate of 97.3% (177 of 182 feet). Three of the five feet with radiographic nonunions were clinically symptomatic. Conclusions: The union rate of the modified Lapidus procedure is higher than previously reported when performed with rigid cross screw fixation, meticulous joint preparation, and shear-strain-relieved bone graft. Nonunion of the first tarsometatarsal joint should be considered an infrequent occurrence.
Introduction
The modified Lapidus procedure, consisting of fusion of the first tarsometatarsal (TMT) joint with concurrent distal soft tissue realignment, has commonly been utilized for patients with moderate to severe hallux valgus deformity in the setting of a hypermobile first ray [10, 13, 16, 18] . Instability of the first ray is believed to contribute to deformity and pain. Lesser metatarsal overload is often seen as a result of first ray instability. Arthrodesis of the first TMT joint with distal soft tissue procedures effectively resolves instability, deformity, and pain.
Historically, some surgeons may have limited the use of the modified Lapidus procedure, even in the setting of a hypermobile first ray, due to its associated complications of nonunion, malunion, and shortening [2, 7, 8, 10, 13, 16, 18] . The biggest concern in previous publications is a relatively high nonunion rate, up to 12% (Table 1) [2, 10, 11, 13, 18] . However, most of these studies with high nonunion rates involved varied joint preparation and different types of fixation [2, 3, 7, 8, 10, 13, 16, 18] . Most recently, a metaanalysis in 2011 found a nonunion rate of 5% in 537 patients and recommended further investigation [3] .
Various components of the surgical technique have been described to theoretically increase the union rate of the first tarsometatarsal joint. First, rigid compression with cross screw fixation has been shown to increase primary bone healing in general [14] . Meticulous joint preparation, taking care to remove all cartilage and drill numerous channels to allow blood inflow, has also been reported to aid in bone healing [18] . Finally, shear-strain-relieved bone graft has been described to promote secondary bone healing at the periphery of joint fusions where shear strain is higher [6] . Healing occurs on the edges of the first tarsometatarsal joint as cartilaginous tissue ossifies. The small gap between the two bones then disappears which effectively minimizes motion, eliminates the more interior shear strains, and allows the whole joint to heal. The results of the combination of rigid cross screw fixation, meticulous joint preparation, and shear-strain-relieved calcaneal graft in the setting of a Lapidus procedure have not been reported.
The purpose of this study was to determine the fusion rate of the modified Lapidus procedure for hallux valgus with the above technique, and compare these to rates reported in the literature. Additionally, if nonunion occurred, we followed the clinical course of the patient to understand the nature of the complication. Our study utilizes a large cohort of patients with similar methods of fixation, postoperative regimens, and the utilization of compression fixation, joint preparation, and calcaneal bone graft.
Patients and Methods
Approval from the Institutional Review Board was obtained before the study was conducted. A retrospective chart review from January 2003 to June 2012 identified all patients undergoing a modified Lapidus procedure for symptomatic hallux valgus performed by one of two fellowship-trained foot and ankle attending surgeons. Only patients who were over the age of 18, had at least a 3-month clinical and radiographic follow-up, and who underwent surgery with calcaneal bone graft were included in the study. Patients were excluded if they underwent multiple tarsometatarsal joint fusions or other simultaneous midfoot or hindfoot procedures that may have altered their postoperative recovery. Additional procedures such as neuroma excision, removal of hardware, and soft tissue excision did not exclude patients from the study.
Overall, 182 feet in 171 patients were included in the study. There were 159 women and 12 men. The foot involved was the left in 101 cases and the right in 81 cases. At least one secondary procedure was done in 96% of patients ( Table 2 ). The average age was 58.2 (range, 18 to 81) years old. The average follow-up was 180 days.
The surgical technique applied by each attending surgeon was similar in the technique of joint preparation, method of fixation, and postoperative management. Clinical assessment of patients was performed by the surgeons at 2, 6, and 12 weeks postoperatively. Radiographs were taken at 6 and 12 weeks. If there was any question of union at 3 months, patients returned to the office at 6 months for reevaluation. Clinical concern for nonunion was suspected with continued pain or swelling at the first TMT joint. In the absence of pain or abnormalities on radiographs taken at 12 weeks after surgery, the decision to follow a patient or order imaging at 6 months was made by the treating surgeon, but in some cases not deemed necessary.
A foot and ankle fellowship-trained attending surgeon, who was blinded to the clinical results and not involved in the clinical care of any patients, determined if radiographs showed evidence of nonunion. All radiographs were reviewed by the same individual on two different occasions in random order. Nonunion was defined as greater than 50% lucency on either the A-P and lateral radiographs or broken hardware at the fusion site. If lucency, sclerosis, or lack of trabeculation extended more than one-half the length of the fusion site, on either the A-P or lateral radiograph, a radiographic nonunion was declared. Intrarater agreement was assessed by calculating the simple Kappa statistic and 95% confidence interval. A Kappa statistic >0.8 indicates excellent agreement.
For the operative procedure, each patient was placed supine with a proximal thigh tourniquet for hemostasis. Prior to preparation of the TMT joint, a medial longitudinal incision and capsulotomy allowed access to shave the medial eminence and perform a medial capsular plication. If necessary, soft tissue release was performed with a lateral capsulotomy through a separate incision over the first webspace. A dorsal longitudinal skin incision was then made over the first TMT joint. Dissection proceeded between the extensor hallucis longus and extensor hallucis brevis, taking care to protect the dorsal cutaneous nerves. Upon verifying the first tarsometatarsal joint, a capsulotomy was performed by sharp dissection. An oscillating saw was used to remove a triangular wedge of bone from the medial cuneiform and base of the first metatarsal, leaving the medial subchondral plate intact (Fig. 1) . A larger amount of bone was removed from the lateral surface to ensure adequate reduction of the intermetarsal angle. Care was taken to [13] 227 (211) 46.9 5.3 Thompson (2005) [18] 201 (185) 53 4 Blitz (2010) [2] 80 (76) 50.6 0 Menke (2011) [11] 21 (18) 48 9.5 ensure that all cartilage was removed during these saw cuts. Intraoperative radiographic assessment confirmed the reduction of the intermetatarsal angle. A 0.062-in. Kirschner wire was used to meticulously fenestrate the joint edges to promote cancellous bleeding (Fig. 2) . The joint was then reduced and compression was obtained by using a combination of 3.5-mm and 4.0-mm cortical lag screws, based on surgeon preference, in a crossed compression screw pattern. This provided rigid fixation of the metatarsocuneiform joint. Final alignment was confirmed on fluoroscopy. At the discretion of the attending surgeon, demineralized bone matrix putty was added to the periphery of the fusion site in some patients (53 feet in 52 patients).
Calcaneal autograft was obtained through a small, 1-cm incision made parallel and inferior to the peroneal tendons over the lateral aspect of the calcaneus. After an incision through skin, blunt dissection down to bone ensured protection of branches of the sural nerve [12] . A periosteal elevator exposed the lateral wall of the calcaneus and gentle penetration of the wall was made with a soft tissue protector used for a 4.5-mm drill (Fig. 3) . Redirection of the soft tissue protector through the original hole allowed for two to three plugs of cancellous bone graft to be obtained. Next, a motorized burr was used to create two 4.0-mm troughs in the dorsomedial and dorsolateral first TMT joint. These troughs were filled with the plugs of calcaneal bone graft and were used as stress-strain troughs to promote a successful union (Fig. 4) . The total volume of calcaneal bone graft placed at the fusion site was approximately 67 mm 3 ( 2×4/3×π × r 3 w he re r =2 mm, representing two spherical plugs of calcaneal bone graft placed in two burr holes).
Postoperatively, patients were placed in a well-padded posterior splint for 2 weeks with strict nonweightbearing. When sutures were removed at 2 weeks, patients were transitioned to a CAM boot and remained nonweightbearing for an additional 4 weeks. At 6 weeks, patients underwent radiographic evaluation and progressively advanced their weightbearing in the walking boot. At 10 weeks postoperatively, patients returned to full weightbearing in supportive shoes with gradual return to activities.
Results
One hundred seventy-seven (97.3%) feet healed without pain or radiographic evidence of nonunion. Radiographic nonunions were identified on the first radiographic review in five feet (2.7%) in five patients ( Table 3) . The second review, done primarily to determine reliability of the radiographic assessment, found nonunion in four of the five above patients (nonunion rate of 2.2%). One patient previously read as a nonunion was determined in the new analysis to have union. However, the subsequent analysis below was carried out with the worst case scenario (i.e., the group of five).
The average age of the five patients with nonunions was 58.2 (range, 48 to 69) years old. Lucency greater than 50% across the arthrodesis site was present in all five nonunions (Fig. 5) . Broken hardware was evident in two nonunions (Fig. 6 ). Demineralized bone matrix putty was utilized in one of these nonunions. Additionally, there were no reports of painful hardware in any of the patients included in this study. There were also no postoperative complaints of pain at the calcaneal harvest site.
Three nonunions were clinically symptomatic and revision surgery was recommended. One of the clinically symptomatic nonunions underwent a revision Lapidus procedure with calcaneal bone graft and subsequently went on to a successful union. Two clinically symptomatic nonunions were lost to follow-up. Two nonunions were clinically asymptomatic, yet had evidence of nonunion on radiographs. One of these nonunions also had demineralized bone matrix putty utilized during the initial procedure. Neither of these patients had residual pain nor required revision surgery. None of the nonunions had a medical history of tobacco use, peripheral neuropathy, steroid use, osteoporosis, or diabetes. All nonunions were compliant with the nonweightbearing postoperative protocol. A Kappa statistic of 0.886 [0.665, 1.000], indicated excellent intraobserver reliability.
Discussion
Since Lapidus first described arthrodesis of the base of the first metatarsocuneiform joint in 1934, there have been numerous modifications to improve its efficacy [8] . Methods of joint preparation, type of fixation, use of bone graft, and length of nonweightbearing have varied throughout the literature leading to a wide range in reported success. Our study shows one of the lowest nonunion rates (2.7%) in the literature when a large cohort is used.
A significant strength of our study is the large number of patients included with only two operating surgeons. Additionally, bias was minimized by having radiographs read by a third foot and ankle fellowship-trained surgeon, who was uninvolved in the patients' care and was blinded to the patients' clinical results. Finally, reliability was assessed by having the same surgeon review the radiographs in a random fashion for a second time and was found to be excellent.
We recognize there are some limitations in our study. Many other studies follow patients routinely for 6 months postoperatively, whereas we chose 3 months as complete follow-up. The analysis of union was limited to this time because of the retrospective nature of the study: the treating surgeons may not have seen the patients in follow-up or ordered radiographs after 3 months if they were doing well clinically and the joint looked radiographically healed with intact hardware at that time. If there was any question of radiographic or clinical union, then the patient returned to the office for repeat radiographs at 6 months. We felt this provided us with enough time to determine a complete union. Gérard et al. noted that his arthrodeses had fused by 3 months [5] . Another weakness is that our fusion rate was determined solely by clinical and radiographic analysis. A superior method would involve CT scans to assess the completeness of union. However, this is not the standard of care in our practice for an uncomplicated fusion procedure. Given the retrospective nature of the study and the radiation exposure entailed, this would not have been feasible or appropriate in this setting.
Another variable in our study is that 53 patients had demineralized bone matrix putty added to their fusion site. One of these patients went on to a radiographic nonunion. While our sample size is too small to calculate its effect, we have stopped utilizing demineralized bone matrix putty in our modified Lapidus procedures, as it does not appear to have an appreciable effect on our union rates.
Patient satisfaction after the modified Lapidus procedure ranges from 75 to 96% [7] . Despite high levels of satisfaction, the modified Lapidus procedure has faced a stigma of relatively high nonunion rates, with symptomatic nonunions present in roughly half [18] . Sangeorzan and Hansen reported a nonunion rate of 10% in 40 feet in 1989 [16] . In a larger study in the podiatric literature in 2004, Patel et al. reported a nonunion rate of 5.3% in 227 feet [13] . Their technique was standardized with joint cartilage denuding with a sharp osteotome and fenestration of the fusion surface with two crossed screws, but they did not use any additional bone graft at the fusion site. Our study utilized additional bone graft in every patient and resulted in a lower nonunion rate.
In 2005, Thompson et al. reported a nonunion rate of 4% in 201 feet treated with a modified Lapidus for both flatfoot deformity and hallux valgus [18] . They utilized local autogenous bone graft for strain relief, but did not have a uniform set of hallux valgus patients. Our study only included patients who were having surgery with a diagnosis of hallux valgus. Donnenwerth et al. reviewed five studies between 2001 and 2005 in a meta-analysis with similar joint preparation, crossed screw fixation, and postoperative nonweightbearing regimen [3] . They determined a nonunion rate of 5 % in 599 feet. The authors regarded this number to be a relatively high rate of nonunion that warranted additional studies. Bone grafting is commonly used in foot and ankle surgery to improve the biology of healing and subsequently lead to improved union rates [4] . While high complication rates, ranging from 10 to 49%, have been reported for harvesting iliac crest bone graft, several studies have shown high satisfaction and low complication rates with harvesting calcaneal bone graft for foot and ankle procedures [1, 15, 17] . More recently, O'Malley et al. explored a large cohort of patients who had calcaneal bone graft and stated that while it was easy to harvest, there were some residual complaints related to the incision in 13.8% of patients [12] . Despite these minor complaints, using calcaneal bone graft to augment the union of the first TMT joint appears to provide numerous benefits. The bone graft is obtained from the ipsilateral foot in the same surgical field. It is easily accessible through one small additional incision, and it does not change the postoperative protocol. With low morbidity and ample supply, this autologous cancellous bone is osteoinductive, osteoconductive, and osteogenic and offers no risk of disease transmission [9] . In our study, there were no reports of persistent incisional pain or complications from harvesting calcaneal bone graft. While we cannot report that the low nonunion rate is directly a result of our use of calcaneal bone graft, we do believe the reduction of strain at the fusion site may have been beneficial in aiding union.
Stable fixation is important to allow for primary bone healing. However, even with adequate internal fixation, there is still micro motion leading to shear stresses at the fusion site. Hansen described using bone graft to reduce the shear strain at the bone interface by increasing surface area with small burr holes, filled with bone graft [6] . We believe that our technique utilizing flat cuts, combined with shear strain reduction from troughs filled with bone graft, aids in improving fusion rates of the first tarsometatarsal joint.
In our study, there are many successful unions, and some definitive nonunions. However, there were also patients who radiographically had failed, but clinically were a success. Two patients (out of the five nonunions) fell into this category of asymptomatic nonunions. They continued to function well without the need for revision surgery. In comparison, Patel et al. [13] reported two asymptomatic nonunions out of their total 12 nonunions and Thompson et al. [18] reported four asymptomatic nonunions of their total eight nonunions. With these details, it appears that an isolated radiographic nonunion may not classify as a complete failure and we should continue to account for both clinical and radiographic factors in assessing our patients postoperatively. Therefore, while nonunion can be radiographically identified, it does not appear to always mandate revision surgery when clinically asymptomatic.
To our knowledge, this study represents the second largest published cohort of patients undergoing the modified Lapidus procedure for hallux valgus. In addition, our reported nonunion rate of 2.7% is lower than most percentages in the literature. Clinically relevant nonunions that required further intervention were only 1.6% of our cohort. We attribute these results to an operative technique utilizing rigid internal fixation, meticulous joint preparation, and use of shear-strainrelieved bone calcaneal autograft.
Overall, our series shows favorable union rates for patients undergoing a modified Lapidus procedure for the correction of hallux valgus. Successful union was obtained in 97.3% of patients in a large cohort. Rigid internal fixation, meticulous joint preparation, and the addition of shear-strain-relieved calcaneal bone graft appear to provide the best environment to promote union at the first TMT joint in the modified Lapidus procedure for hallux valgus. Informed Consent: Informed consent was waived from all patients for being included in the study.
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